We describe a high-throughput scanning optical microscope for detecting small-molecule compound microarrays on functionalized glass slides. It is based on measurements of obliqueincidence reflectivity difference and employs a combination of a y-scan galvometer mirror and an x-scan translation stage with an effective field of view of 2 cmϫ 4 cm. Such a field of view can accommodate a printed small-molecule compound microarray with as many as 10,000 to 20,000 targets. The scanning microscope is capable of measuring kinetics as well as endpoints of protein-ligand reactions simultaneously. We present the experimental results on solutionphase protein reactions with small-molecule compound microarrays synthesized from one-bead, one-compound combinatorial chemistry and immobilized on a streptavidin-functionalized glass slide.
Introduction
Microarrays of surface-bound macromolecules and small molecule compounds are powerful tools for highly parallel in vitro analysis of biochemical binding affinity. 1, 2 They are most useful in study of genomics, proteomics, glycomics, and even cytomics, as the variety of structures and functions of proteins, glycans, cells, and their enabling/inhibiting ligands are large. Small-molecule compound microarrays on functionalized solid supports have been used successfully to characterize protein-ligand interaction in a high-throughput manner by exposing the solution-phase protein of interest to the microarray and reading out the endpoints of the reaction simultaneously. [3] [4] [5] A notable challenge in the development and application of small-molecule compound microarrays is finding robust methods for attaching small molecules with diverse structures ͑and in turn, functionalities͒ to a specifically functionalized solid surface. Detection of a solution-phase molecular probe such as proteins to small-molecule microarrays is another major challenge, particularly when cost, versatility, and effect of detection method on probe-target interaction call for concerns. [6] [7] [8] The fluorescence-based detection of microarrays is widely used for superior sensitivity and maturity. However, fluorescence labeling a protein probe inevitably changes the innate properties of the protein in often unknown ways. High cost, variation in labeling efficiency, photobleaching, and extra steps in assay preparation are other undesirable attributes of fluorescence-based detection. As a result, label-free optical detection methods with suitable sensitivity complement the fluorescence-based detection. 9, 10 In this paper, we describe ͑1͒ an oblique-incidence reflectivity difference ͑OI-RD͒ scanning microscope capable of high-throughput, label-free detection of small-molecule microarrays with as many as 10,000 to 20,000 immobilized targets, which has the potential to measure over 100,000 proteinligand binding reactions in one day; ͑2͒ a set of experimental measurements of endpoints and binding curves of protein reactions with biotin-conjugated small-molecule compounds immobilized on a streptavidin-functionalized glass surface; and ͑3͒ one-bead, one-compound ͑OBOC͒ combinatorial synthesis and OI-RD microscopy detection of a large synthetic small-molecule compound library immobilized through a common "handle" ͑biotin͒ on a streptavidin-functionalized glass surface.
High-Throughput Hybrid Scanning Optical Microscope
Based on measuring oblique-incidence reflectivity difference ͑OI-RD͒, we developed a hybrid scanning optical microscope capable of detecting over 10,000 molecular targets printed on a functionalized glass slide without fluorescence labeling. The microscope can be used to measure binding curves as well as reaction endpoints of a solution-phase probe to all or a selected set of the printed targets. Compared to imaging surface plasmon resonance ͑SPR͒ scanners, [10] [11] [12] [13] this microscope does not rely on gold-coated substrates for detection and has a large field of view ͑presently 2 cmϫ 4 cm͒ and thus offers a much higher throughput than an SPR sensor. Compared to an imaging ellipsometer based on a polarizer-compensatorsample-analyzer ͑PCSA͒ scheme, [14] [15] [16] this OI-RD scanning microscope is inherently more sensitive to a surface-bound change ͑e.g., thickness, density, etc.͒ by more than one order of magnitude. [17] [18] [19] The optical arrangement of a hybrid scanning OI-RD microscope is sketched in Fig. 1 . It is a dual-axis mechanically scanned microscope. A linear translation stage holds an assembly of a microarray-bearing glass slide and a fluidic chamber and moves along the x axis for the x-scan. A combination of a galvanometer y-scan mirror and an f-theta lens provides the y-scan. The f-theta lens focuses a monochromatic illumination beam to a small spot on a microarray-covered glass surface at an oblique incidence angle. The binding reaction of a solution-phase probe with the microarray changes the thickness and mass density in the printed target region, and in turn alter the ratio of complex reflection coefficients for p-polarized and s-polarized components of the illumination beam, r p / r s = tan ϫ exp͑i␦͒. 14 In the absence of absorption by the targets, the solution-phase probe, and the glass slide, the binding reaction mainly alters ␦. An OI-RD microscope directly measures the change in r p / r s as follows. 17 As illustrated in Fig. 1͑a͒ , a linearly polarized continuouswave Nd:YAG laser beam at = 532 nm passes through a photoelastic modulator ͑PEM͒ so that the polarization of the outgoing beam changes from pto s-polarization at a frequency ⍀ = 50 kHz. The beam passes through a phase shifter ͑PS͒ that adds a variable but static phase ⌽ PS between the pand s-polarized components. Using a combination of a galvometer y-scan mirror ͑RM͒ and an f-theta lens ͑FTL͒, we focus the beam into a 10-m spot on the microarray-bearing glass surface at incident angle = 34.66 deg inside the glass slide ͑with optical dielectric constant 0 .͒ The microarraybearing surface is in contact with an aqueous solution ͑with optical dielectric constant s .͒ The reflected beam from the illuminated spot passes through an analyzer ͑A͒ with its transmission axis set at A ͑45 deg in the present study͒ from s-polarization and is imaged with an objective lens onto a single-element photodiode ͑PD͒. The first-harmonic ͑in modulation frequency ⍀ = 50 kHz͒ of the detected light intensity is given by I͑⍀͒ = I inc ͉r p r s ͉sin͑2 A ͒sin͑ sys + ␦ + ⌽ PS ͒ . sys is the phase difference between the pand s-polarized components introduced by optical elements in the beam path other than the microarray-bearing surface; ␦ is the phase difference due to reflection from the surface. Let ␦ 0 be the phase difference for a bare glass slide surface. We initially adjust ⌽ PS so that sys + ␦ 0 + ⌽ PS =0 and thus I͑⍀͒ =0 on the bare glass surface ͑nulling ellipsometry͒. When a thin layer of molecules such as solution-phase probes is subsequently added to the bare surface or when the focused beam is scanned from the bare surface to the region of the surface covered with immobilized target ͑with optical dielectric constant d ͒, I͑⍀͒ becomes
When the layer thickness of the targets or targets plus probes d is much less than the optical wavelength , ⌬␦ varies linearly with d: 17, 19, 20 ⌬␦ Х
⌰ is the coverage of the targets. An image of a microarray is obtained by scanning the illumination beam along the y direction with the encoded y-scan mirror and moving the sample assembly along the x direction with the encoded translation stage.
To demonstrate the performance of the new microscope, we printed a bovine serum albumin ͑BSA͒ microarray with 10,804 spots covering an area of 2 cmϫ 4 cm on an epoxyfunctionalized glass slide ͑ArrayIt, Sunnyvale, California͒, using an OmniGrid100 contact-printing arrayer ͑Digilab, Holliston, Massachusetts͒. The printed BSA spots have an average diameter of 100 m and are separated center-to-center by 250 m. The BSA molecules covalently bind to the glass slide through exothermic reaction between amine residues on the exposed surface of BSA and free epoxy groups on the glass slide. The printed glass slide was assembled with a fluid chamber and washed with 1ϫ phosphate buffer saline ͑PBS; pH= 7.4͒ to remove the excess ͑unreacted͒ BSA molecules. The microarray in contact with 1 ϫ PBS was imaged with the OI-RD scanning microscope at scan steps of 20 m in the x direction and 18.7 m in the y direction ͑i.e., each pixel measures 20 m ϫ 18.7 m͒. Figure 2 shows the optical image in ⌬␦. The acquisition took 90 min. 
Detection of Protein Mixture Reaction with a Biotin-Conjugated Compound Microarray on Streptavidin-Functionalized Glass Surface
From one-bead, one-compound ͑OBOC͒ chemical synthesis ͑as described in the next section͒ and a bead-based phage display assay, 21 Lam and coworkers identified over 80 small molecules that were strong ligand candidates to intracellular proteins of Jurkat cells. The structures of 20 such molecules are shown in Fig. 3 . We measured binding reaction endpoints and real-time binding curves of a Jurkat cell lysate with the 20 molecules using our hybrid scanning OI-RD microscope.
To immobilize these synthetic compounds on a streptavidinfunctionalized glass slide ͑ArrayIt, Sunnyvale, California͒, we conjugated a biotin molecule to the compounds at a common location through a flexible linker, as illustrated by Fig. 4 . Using the OmniGrid100 arrayer, we printed these biotinylated compounds into two 100-spot microarrays on a streptavidincoated glass slide: each contains 10 compounds; duplicates of each compound were printed at five concentrations ͑1.0 mM, 0.5 mM, 0.25 mM, 0.125 mM, and 0.0625 mM͒. The printed surface was washed with 1 ϫ PBS to remove the excess ͑unbound͒ compounds. The microarray was imaged with the hybrid scanning OI-RD microscope before and after the reaction with a Jurkat cell lysate solution. The change in OI-RD image ͑i.e., ␦͒ due to the reaction is displayed in Fig. 
5.
All compounds except for LB20-1 ͑the second compound from the top of the last column in Fig. 3͒ reacted with the intracellular proteins in the Jurkat cell lysate. The amplitude of the differential optical signal for a compound printed at concentration at or above 62.5 M is more or less the same, indicating that the printing concentration at or even below 62 M was sufficient to cover a streptavidin-coated glass surface with a full monolayer of biotin-conjugated compounds in single contact printing ͑i.e., by tapping the solution-loaded printing pin on the functionalized surface once instead of multiple times, and thus transferring roughly 1 nL of the solution to the surface͒. We subsequently measured the binding curves of the Jurkat cell lysate with the same 20 synthetic compounds printed ͑at concentration of 250 M͒ on another streptavidin-coated glass slide. For binding curve measurement, we read out the OI-RD signal from one pixel at or near the center of a printed target spot. By sequentially interrogating all 20 printed targets this way, we obtained the binding ͑association-dissociation͒ curves for the cell lysate to all 20 compounds, as shown in Fig. 6 . The time interval between two successive scans was chosen to be 60 s in the present experiment. We note that in the binding curve measurement, LB20-1 reacted with the Jurkat cell lysate, in disagreement with the endpoint OI-RD image measurement, indicating that LB20-1 targets were not printed properly on the glass slide on which the endpoint image measurement was performed ͑see Fig. 5͒. 
One-Bead, One-Compound Combinatorial Synthesis and OI-RD Detection of Large Small-Molecule Libraries on a Strepatavidin-Functionalized Glass Slide
One-bead, one-compound ͑OBOC͒ combinatorial library synthesis, pioneered by Lam and coworkers, enables quick generation of a diverse library of small molecules from a small set of structural motifs. The OBOC combinatorial chemistry has the dual advantages of ͑1͒ rapidly producing a large collection of encoded compounds constructed with distinct molecular structures, and ͑2͒ enabling addition of a common molecular motif or "special handle" ͑often through a linker͒ to the synthesized compounds for surface immobilization or other purposes without unduly changing the activity of the compounds. [22] [23] [24] [25] For OBOC synthesis of small-molecule compounds used in the present study, we used TentaGel resin beads ͑90 m in diameter with load capacity ϳ0.3 mmole/ gm͒ as the solid support for library synthesis. TentaGel beads were first topologically segregated into two layers where the outer layer with 20% of the full substitution of the beads was protected with Fmoc and the interior core with 80% of the full substitution was protected with Alloc. Upon Fmoc removal, a disulfidecontaining linker, N-Fmoc-2-͓͑2-aminoethyl͒ disulfanyl͔ ethylamine monosuccinamide, A͑S-S͒, was tethered to the outer layer, followed by sequential assembly of Fmoc-Lys͑Biot͒-OH, Fmoc-link-OH ͓N-Fmoc-2 ,2Јethylenedioxy-bis͑ethylamine͒ monosuccinamide͔ using Fmoc chemistry. Dde was then added to temporarily cap the N-terminus of the outer layer, allowing for a CNBr-cleavable linker to be generated using Palladium chemistry in the interior core after Alloc deprotection. The cleavage linker included four components: methionine ͑"Met"͒, arginine ͑"Arg"͒, 3-͑4-bromophenyl͒-␤-alanine ͓"A͑Br͒"͔, and 2,2Ј-ethylenedioxy-bis͑ethylamine͒ monosuccinamide ͑"Link"͒. After Fmoc deprotection, a mixture of Fmoc-Osu and Alloc-Osu ͑1:1͒ was coupled to the bead interior core. Upon Dde and Fmoc deprotection, a tetrafunctional scaffold, N-Dde-3-͑4-fluoro-3-nitrophenyl͒-3-aminopropionic acid was conjugated to the beads. The Alloc group was then removed by Palladium chemistry, followed by coupling with a mixture of 4-fluor-3-nitrobenzoic acid and bromoacetic acid using HOBt and DIC. The resulting beads were split into 20 aliquots, and each aliquot reacted with a primary amine in the presence of DIEA ͑diisopropylethylamine͒, respectively. The beads were mixed and reduced with tin chloride solution for 4 h, followed by cyclization with 17 aromatic aldehyde molecules after splitting. Upon treating with acetic anhydride, the beads were Dde-deprotected, and 21 acids or isocyanates were acylated to the free amino group using the split-mix approach. The beads were finally treated with a side-chain cleavage cocktail ͑TFA: water: TIS= 10: 0.5: 0.5͒ for 2.5 h to furnish the desired library, which contained about 7,000 distinct compounds. After synthesis, individual beads were dispensed into individual wells of polypropylene microtiter plates so that each well with a volume of 50 L contained only one bead. Figure 7 illustrates the synthetic route for preparing an orthogonal releasable OBOC benzoimidazole library. The attached compounds were released from the beads by cleaving the disulfide bond with a TCEP solution. Roughly 20 picomoles of OBOC compounds were released from the outer layer of a single 90-m-diam bead. By adding 15 L of TCEP in H 2 O, we obtained a target printing solution at 1.3 M. The biotin group on the released compounds, introduced during the fourth step of the synthesis as Fmoc-Lys͑Biot͒-OH, was used as the special or universal handle to anchor the OBOC compounds on a streptavidinfunctionalized glass surface.
To demonstrate that we can detect, using the hybrid OI-RD scanning microscope, large OBOC compound microarrays with over 10,000 printed targets on a single glass slide, we printed 4608 biotinylated OBOC compounds in pairs ͑in the vertical direction in Fig. 8͒ on a streptavidin-coated glass slide. Using a printing concentration of 1.33 M ͑limited by the amount of synthetic compounds released from a single 90-m bead͒, we needed to print twice at each spot to ensure Table 1 36 control compounds that are printed along with 4608 OBOC compounds in pairs to form the 10,804-spot target microarray, as shown in Fig. 8 .
Compound
Full immobilization of a full monolayer of the OBOC compounds on the streptavidin-functionalized glass slide. In addition to 4608 OBOC compounds printed in pairs, we also printed replicates of 36 biotinylated control compounds such as biotinconjugated BSA, biotin-linker-biotin, and biotinylated peptides. The entire microarray had 10,804 targets with 74 rows and 146 columns. The layout of the microarray is as follows: ͑1͒ the border of the microarray consists of 436 biotinconjugated bovine serum albumin ͑BSA͒, and on each BSA molecule there are more than five conjugated biotin molecules ͑one biotin is used to immobilize the conjugate to streptavidin-coated surface, the remaining biotin molecules are available as antigen to antibodies raised against biotin͒; ͑2͒ 4608 OBOC compounds printed in pairs form eight 72 ϫ 16 subarrays; and ͑3͒ on the right side of each OBOC subarray are a column of 36 "control" compounds printed in pairs ͑72ϫ 1͒ and an empty column ͑72ϫ 1͒. Table 1 lists the 36 control compounds in the order of printing from top to bottom ͑see Fig. 8͒ . The printed surface was washed with 1 ϫ PBS to remove the excess printed targets. Figure 8 shows the OI-RD image in ⌬␦ of the compound microarray in contact with 1 ϫ PBS. The outermost border consists of biotin-conjugated BSA. The lone biotin molecular residue on each of 4608 biotinylated OBOC compounds is used to anchor the molecule on the streptavidin-coated glass surface; thus, it is not available subsequently as an antigen to antibodies raised against biotin.
We performed a positive control experiment by exposing the 10,804-spot compound microarray for 1 h with a solution of unlabeled monovalent F ab fragments of mouse IgG against biotin at concentration of 0.013 mg/ ml or 260 nM in 1 ϫ PBS. Afterward, the solution of the mouse IgG was replaced with 1 ϫ PBS again. The F ab fragments were pur-chased from Jackson ImmunoResearch Laboratories ͑West Grove, Pennsylvania͒. Figure 9 shows the change in OI-RD image of the microarray in 1 ϫ PBS obtained by taking the difference between the image taken after the reaction and the image shown in Fig. 8 . F ab fragments of the mouse IgG reacted with biotin-BSA ͑spots along the perimeter͒ as expected and with the control compounds ͑8 single-file columns͒ except for DNP-linker-biotin. Some of the 4608 OBOC compounds also reacted with the mouse IgG. The mean and the standard deviation of the optical signal in response to the reaction of the mouse antibiotin IgG with 436 biotinconjugated BSA spots are ⌬␦ = 0.022Ϯ 0.0075. Table 2 lists the mean and standard deviation of the optical signals due to reaction with the mouse antibiotin IgG with 8 replicates of each of the 36 "control" compounds ͑see Table 1͒ . The variation in optical signal for a given immobilized compound target comes mainly from the variation in target density ͑common in microarray-based studies͒ and partially from the noise in the optical detection process.
We developed a hybrid scanning oblique-incidence reflectivity difference ͑OI-RD͒ microscope for high-speed, labelfree, in situ detection of a large small-molecule compound microarray on a functionalized glass slide. We demonstrated the capability of such a new scanning microscope for detection of endpoints and real-time binding curves of a protein probe to an OBOC synthesized compound library in the form of microarrays with over 10,000 immobilized targets on a single streptavidin-coated glass slide.
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